Large-area ferroelectric nanodomain patterns, which are desirable for nonlinear optical applications, were generated in previously He-implanted lithium niobate crystals by applying voltage pulses to the tip of a scanning force microscope. The individual nanodomains were found to be of uniform size, which depended only on the inter-domain spacing and the pulse amplitude. We explain this behavior by the electrostatic repulsion of poling-induced buried charges between adjacent domains. The domain patterns were imaged by piezoresponse force microscopy and investigated by domain-selective etching in conjunction with focused ion beam etching followed by scanning electron microscopy imaging.
Introduction
Ferroelectric lithium niobate (LiNbO 3 ) has outstanding acousto-optic, nonlinear optical, electro-optic, and photorefractive properties [1, 2] .
Various applications ranging from photorefractive data storage [3] to advanced photonic applications [4] have been reported. The most prominent example is efficient frequency conversion using quasi-phase matching (QPM) in periodically poled crystals [5] . The range of accessible wavelengths using QPM for frequencydoubling, however, is limited by the minimum size of the available periodicity of the domain patterns: to date periods in the few-to-sub-micrometer regime are not readily obtainable. Indeed such domain patterns are also needed for back-wave QPM [6, 7] .
Recently, photonic crystals have gained increased attention as they allow controlling the light propagation for specific applications via the periodic alteration of the dielectric constant [8] . Due to its excellent optical properties, LiNbO 3 is an important platform material for integrated optical applications [9] , and the implementation of a photonic crystal structure in LiNbO 3 is therefore of much interest [10] .
However, topographical structuring of a crystal surface for photonic crystal applications usable at visible wavelengths is still challenging. This application requires a large-area regular pattern whereby the individual structures are sized in the sub-micron range. Several techniques, such as ion beam enhanced etching (IBEE) [11] , focused ion beam (FIB) milling [12, 13] , laser ablation [14] , and plasma-etching [15] , have been used to attempt fabricating such patterns. A different approach for topographical structuring of LiNbO 3 crystals utilizes domain-selective etching [16] . This technique has been proven to be very versatile, and recently ridge waveguides [17] , and whispering gallery mode resonators [18] have been fabricated. The utilization of this technique for the fabrication of photonic crystals requires sub-micrometer-sized individual domains regularly arranged in a large-area pattern.
The standard technique for domain inversion is electricfield poling (EFP) using structured electrodes to locally apply an electric field exceeding the coercive field E c required for domain inversion. This technique, however, fails when small, sub-micrometer-sized domains are required. The central difficulty in fabricating such domain patterns is that in standard EFP unwanted sideways growth of the domains occurs due to the unfavorable electric-field distribution inside the crystal, thus greatly limiting the minimum domain size. For the same reason neighboring domains tend to merge during EFP. Attempts to improve domain formation by ultraviolet (UV)-light assistance [19, 20] or elevated temperatures [21] have not, to date, reached the desired results in sub-micrometer domain formation.
Recently it has been shown that sub-micrometer-sized surface domains can be written in He-irradiated LiNbO 3 crystals by applying voltage pulses to the tip of a scanning probe microscope [22] . In this paper, we present a detailed analysis of this technique and in particular the dependence of the domain formation on both the pulse (voltage and duration) and the irradiation parameters (energy and fluence), hence providing a deeper understanding of the poling process. In view of the applicability of domains generated in this way, we present data on their shape and demonstrate the fabrication of a large-area regular domain pattern, which has the potential to be used for photonic nano-or micro-components.
Experimental methods
In our experiment 500 μm-thick congruent LiNbO 3 wafers, including those doped with 5% Mg, were used. The wafers were cut to the desired sample size and irradiated with He + ions through their +z face (figure 1(a)) with fluences between 1 × 10 14 and 5 × 10 16 cm −2 at energies ranging from 130 keV to 3.8 MeV, corresponding to an implantation depth of 0.5-10 μm, respectively. A more detailed description of the sample preparation can be found in [23] . The inclusion of Mg-doped crystals into our investigations is basically for two reasons: (i) 5% Mg-doped LiNbO 3 is the material of choice for nonlinear optical applications, as it does not show photorefractive optical damage [24] ; and (ii) the coercive field E c is smaller by one order of magnitude when compared to undoped LiNbO 3 [25] , and can even be reduced further by UV illumination [26] . In addition it has been observed that the electrical conductivity of Mg-doped LiNbO 3 is increased strongly by UV illumination [27] .
The poling performance of the He-irradiated samples was investigated by 'poling maps' where scanning probe microscopy (SPM) was used for generation and subsequent analysis of domain patterns (section 2.1). The modification of selected physical properties of the irradiated region was studied using piezoresponse force microscopy (PFM) and electrostatic force microscopy (EFM) by investigating cross-sections of the samples (section 2.2). The shape of the domains was examined using FIB milling and scanning electron microscopy (SEM) imaging of selective etched domains (section 2.3). The experimental details for carrying out these measurements are laid out in the following sections.
Poling maps
To study the poling performance of the He-irradiated samples domain patterns were formed by locally applying voltage pulses to the tip of an SPM (Solaris NT-MDT) as shown schematically in figure 1(b) . The use of a custom-designed scripting program allowed automation of the domain formation of a grid of domains (termed a poling map) using varying poling voltages V and pulse durations τ , for a range of V from −100 to +100 V and τ from 1 ms to 100 s. In addition, largearea domain patterns, up to 100 × 100 μm 2 , were generated using this scripting, whereby the individual domains were written with identical voltage pulses. Here the inter-domain spacing was varied between of 0.5 and 8 μm. All domain patterns were studied by PFM through applying an alternating voltage V ac = 5 V rms of frequency ≈30 kHz to the SPM tip. The tips utilized for writing and imaging were diamond coated Figure 2 . Schematic illustration of the process used to investigate the domain shape. First domains are formed in an He-irradiated LiNbO 3 using a SPM tip (a), then the location of the domains is determined by a brief selective etch in 48% HF (b). FIB milling is used to open a gap with one boundary lying across the domains (c), followed by a second selective etching in HF that reveals the domains shape (d).
with a nominal radius of r = 50-70 nm (DCP11, NT-MDT). The lateral resolution of PFM images in bulk samples using such tips is limited to ≈75 nm [28] and the maximum visible depth to ≈1.5 μm [29] . Although the use of sharper tips, and thus better lateral resolution, would have been desirable, the need for using a highly mechanically resistant coating to ensure reproducible long-term domain generation limited the tip choice.
Investigation of cross-section samples by SPM
To qualify the modifications of the crystal's irradiated areas, we investigated their piezoelectric and electric characteristics. Thus cross-section samples were fabricated by first cutting the crystal into two pieces using a diamond saw and then bonding the two surfaces together using an epoxy-phenolic resin (MBond 610). The cross-section was then optically polished to allow for SPM investigations. The piezoresponse, conductivity and permittivity of the near-surface region, the implanted layer and the unaffected bulk were investigated using PFM [30] and electrostatic force microscopy (EFM) [31] . PFM and EFM measurements were performed with the same SPM setup, where for PFM contact mode and for EFM the non-contact mode operation was utilized [32] . The face of the crosssections to be investigated was either an x or a y-face. For the EFM measurements, the fact that a non-polar face was investigated is of major importance, since EFM investigations on the z-face are, if at all possible, not conclusive due to the large built-in surface polarization charging of LiNbO 3 [33] . The samples were mounted with their z axis perpendicular to the cantilever in order to obtain a maximum amplitude of the lateral PFM signal [34] . To map the fixed charge carrier density the EFM signal at the frequency of the oscillating voltage applied to the tip was read out. To gain information on the local conductivity, i.e. the free charge carrier distribution, and the permittivity of the sample we recorded the EFM signal at twice the frequency of the oscillating voltage applied to the tip [32] .
Domain shape
PFM gives an excellent image of the domain patterns at the surface, however, it does not allow for detailed depth information. We therefore used domain-selective etching in hydrofluoric acid (HF) in conjunction with subsequent SEM imaging to reveal the shape of the domains. The etch rates for LiNbO 3 in 48% HF are 10 nm min −1 for the −z face compared to less than 1 nm h −1 for the +z face [35] . In addition, the y-faces are also etched selectively in HF, the −y face at a rate of 90 nm h −1 and the +y face at 45 nm h −1 [36] . As a consequence, long-term etching of a domain pattern results in a topology, which does not reflect the domain's shape accurately due to lateral etching. In order to minimize this lateral-etching effect only a brief 10 min etch of the crystal was used to mark the domains. A FIB was then employed to open a gap with one boundary lying across the domains and perpendicular to a −y face. By repeated HF etching (again for 10 min), now directly attacking the −y face, the domain's shape could be revealed and subsequently imaged by SEM. For clarification, see the schematic illustration of the process in figure 2.
Results

Poling maps
Poling maps, such as the one shown in figure 3 , are used for comparing the poling characteristics of samples irradiated at different conditions. In this example, the crystal was irradiated with a fluence of 10 14 He + cm −2 at an energy of 130 keV and thus an implantation depth of t = 0.5 μm. Domains at an inter-domain spacing of 3 μm were formed by voltage pulses applied to the SPM tip using different pulse parameters: the amplitude V was chosen between 10 and 100 V, and the duration τ between 1 ms and 100 s. Obviously the size of the domains generated depends on the parameters of the pulse used. More precisely two basic features can be indicated. The size of the formed domain increases linearly with increasing pulse amplitude, but is independent of the pulse duration. This behavior on V and on τ was found to be valid for all samples investigated. From the poling map in figure 3(a) an increase of the domain diameter D with increasing voltage of 3.5 nm V −1 can be deduced. The left column shows the smallest domains obtained with D = 35 nm. Note the domain size was confirmed by scanning the area with a sharper tip.
Poling maps were also used to obtain a comparative picture of the domain size as a function of inter-domain spacing. Figures 3(b) and (c) show PFM images of two largearea patterns, with different inter-domain spacings (1 μm (b) and 0.5 μm (c)), each individual domain generated by an identical voltage pulse of V = +100 V and τ = 1 s. The domains were written line by line, starting from the bottom left of the pattern, with the vertical axis as the slow axis. Both patterns show the formation of a 'frame', i.e. the domains along the border of the square are larger with respect to those in the center. This effect is more prominent in figure 3(c) , where the distance between adjacent domains is smaller. In addition, for both patterns the domain written first (at the bottom left of each pattern) is the largest. Finally, it is observed that the size of the individual central domains is different within the two patterns, 230 and 140 nm diameter for the inter-domain spacings of 1 and 0.5 μm, respectively. In the following we will term the effect of the domains on each other, as described above, by the term 'proximity effect'.
Finally, poling maps were also written in 5% Mg:LiNbO 3 crystals, on the one hand to determine the applicability of our technique for domain formation in this important material, and on the other hand to take advantage of its lower coercive field E c for possibly easier domain formation. In addition, the samples were potentially illuminated during domain patterning with a UV lamp (Linos LQ 1000; spectral range: 250-450 nm), therefore increasing the electrical conductivity of the material even further. However, the results obtained for 5% Mg:LiNbO 3 showed no change with respect to the undoped LiNbO 3 , neither for the domain growth nor for the proximity effect, irrespective of an additional UV illumination.
Investigation of cross-section samples by SPM
The effect of He implantation on the piezoelectricity of the sample was examined by PFM measurements of cross-section samples. For samples irradiated with high fluence and high energy (5 × 10 16 cm −2 at 3.8 MeV), the piezoresponse of the implanted layer was degraded to only ≈15% from that of the unaffected bulk, while the near-surface region was reduced by only ≈10% [22] . Thus, the implanted layer was basically no longer piezoelectric, whereas the near-surface region was only marginally affected by the He-irradiation. For samples subjected to small fluence ( 1 × 10 15 cm −2 ), the implanted layer showed no reduction in piezoresponse, irrespective of the energy used for the He-irradiation.
Using EFM we measured the dielectric constant, conductivity, and additional free charge carriers generated by UV illumination, the latter in particular for the Mgdoped samples. Interestingly, none of these parameters were found to be affected by He-irradiation for any of the samples investigated. From the EFM signal we could clearly distinguish between the crystal area and the bonding stripe. This result ascertains that EFM is operating correctly. As for the negative result on the influence of He implantation on the dielectric constant and free charge carrier density, we can only state that either the measurement is not sensitive enough to see the changes or there are no changes to be seen.
Domain shape
Figure 4(a) shows an SEM image of a domain-patterned crystal after a 10 min HF etching. The individual domains were written by applying 1 s pulses of +100 V on the +z face of a LiNbO 3 crystal He-irradiated with 10 14 He + cm −2 at 350 keV, corresponding to an implantation depth of t = 1 μm. The etchant attacks only on the −z face, thus the written domains appear as holes in the topography. The result of FIB milling to open a gap followed by a second selective HF etching to reveal the shape of the domains is best seen in figure 4(b) . Here also the effect of substantial lateral etching of the holes can be observed: the holes become (i) generally larger, and (ii) evolve toward a distorted hexagonally shaped form ( figure 4(c) ). The latter reflects the six-fold symmetry of the crystal and the different etch rates for the +y-and the −y-faces.
Figures 4(d) and (e) show SEM images of a crystal after the multi-step procedure to reveal the domain shape. The domains were written by applying 1 s pulses of +100 V on the +z face of a LiNbO 3 crystal He-irradiated with 10 14 He + cm −2 at 1 MeV corresponding to an implantation depth of t = 2.28 μm. For the sample with the larger inter-domain spacing (4 μm), the domain reached the He layer ( figure 4(d) ). However in the case of the 0.5 μm inter-domain spacing, a domain of only less than 0.5 μm depth formed ( figure 4(e) ). The diameter of the domains at the sample surface, as seen in figures 3(b) and (c), was found to depend on the inter-domain spacing, i.e. 500 nm for the broadly spaced pattern and 200 nm for the narrower pattern. The shape of both these domains is seen to be conical. The results described above can be summarized as follows: (i) the maximum domain depth corresponds to the depth of the implanted layer and (ii) the proximity effect reduces domain diameter and depth.
Discussion
Achieving a better understanding of the physical reasons behind the ease of poling of sub-micrometer-sized domains in He-implanted material was the main goal of our investigations. We will therefore first briefly review the physics of ion irradiation damage in solids (section 4.1) and in light of this background analyze our results on the poling behavior observed in the variation of poling parameters when making poling maps (section 4.2).
The proximity effect, the self-regulation of the size of individual domains within a large-area domain pattern, is one of the most important findings of this study as it is this feature that paves the way for this domain formation technique to reach true applicability. Thus, in section 4.3 we discuss in detail the proximity effect and propose a possible physical explanation. Finally, the shape of the domains is of major importance for practical issues, particularly for the transfer of the domain patterns into a topographical structure. We will discuss these issues in section 4.4.
Ion irradiation damage in solids
In order to provide background on the ion-implantation physics, a short review of the known lattice effect [37] during irradiation is provided. Specifically, energetic ions penetrating the crystal lattice lose their energy via two dominant binarycollision mechanisms, namely inelastic collisions leading to electronic excitation and elastic collisions leading to crystal damage. Electronic collisions involve only excitation of the lattice electrons, resulting in negligible lattice disorder, while elastic collisions involve significant displacement of lattice atoms and thus cause significant local crystal damage. The relative contribution of these two collision mechanisms to ion energy loss varies with incident-ion energy. Electronic excitations predominate at high energy, whereas nuclear damage dominates for low energy. As a result, high-energy ions first lose their energy through electronic excitations in the near-surface region generating negligible damage until they reach a characteristic lower energy, at which point coupling to the lattice degrees of freedom via elastic collisions dominates. During the elastic-collision phase the ion energy loss is sufficiently high that damage occurs in a very narrow implantation layer. For example, the width of this highly damaged implantation layer for the irradiation with He + ions in LiNbO 3 at energies of 130 keV and 3.5 MeV is 200 and 470 nm, respectively [38] .
Poling behavior
The results of the poling maps obtained for samples subjected to various levels of irradiation fluence and energy (section 3.1) are summarized qualitatively in a two-dimensional plot displayed in figure 5 . In general, low fluence ( 10 15 cm −2 ) allows for easy poling regardless of the energy used. At higher fluence, poling is hindered. The latter property is clearly seen for the case of low irradiation energy when the implanted layer is close to the surface. The qualitative notations 'good', 'medium', and 'bad' in figure 5 reflect both the ease of poling and the domain's shape. 'Good' means the domains are circular (or hexagonal if larger than 400 nm) and can be generated readily with very modest voltage pulses (10 V; 1 ms); domain formation is successful within the whole poling map. 'Medium' describes poling properties that also result in well formed domains, however, their formation requires voltage pulses with higher amplitude; domain formation is successful only within 2/3 of the poling map. 'Bad' applies to poling, which is not only characterized by pulses of larger amplitude and longer duration but also results in a non-regular domain shape; domain formation is successful within less than 1/3 of the poling map. The knowledge of irradiation damage physics in solids (section 4.1) allows us to explain some of our observations on poling and in particular its dependence on ion fluence and energy.
First, at high fluence, the implanted layer is heavily damaged, the piezoelectricity, as observed in the investigations of cross-sections of the samples in section 3.2 and thus presumably also the ferroelectricity, is strongly degraded. Further, at low irradiation energy, when the implanted layer is situated close to the sample surface, domain formation is hindered. On the other hand, if the irradiation energy is high, the distorted implantation layer is far below the surface, and domain formation is again possible.
Second, at low fluence, easy poling is observed, i.e. only modest voltage pulses (10 V; 1 ms) are required for domain formation, irrespective of the irradiation energy used. In this case, the implanted layer was not observed to exhibit degradation in its piezoelectricity (section 3.2). We therefore assume that the crystal is still ferroelectric within the whole He-irradiated area. As a consequence, poling is readily done at low irradiation energies, although the implanted layer is situated close to the sample surface. Consider now which physical effect, i.e. the nuclear or the electronic damage, allows for stable nanodomain formation in the samples subjected to high irradiation energy (up to t = 10 μm). To answer this question, the effect of the SPM-tip-assisted poling process is examined. Since the electric field from the SPM tip is negligible at depths below ≈2 μm of the sample surface, the implanted layer cannot play a crucial role in the formation of stable domains. This suggests that the electronic damage, which takes place along the entire path of the He ions inside the crystal, has a domain-stabilizing effect.
Note that (i) the domains written were observed to be stable for months under ambient conditions. Moderate heating (T = 250
• C), however, erased the domain pattern, and (ii) the poling behavior for both materials investigated, undoped and Mg-doped LiNbO 3 , was identical. Obviously the effect of electronic damage exceeds any effect from the differences between these two materials, that is a very different coercive field.
Proximity effect
The proximity effect was defined as the influence of previously written domains on the size and shape of domains written subsequently; this effect is seen, for example, in the largearea domain patterns in figures 3(b) and (c). In general, the proximity effect is observed to become more prominent as inter-domain distance is reduced. However, domains seem to interact even if their distance is much larger than their diameter. Because of this long-range interaction it is assumed that the proximity effect is of electrostatic nature; this point is further seen in the following line of reasoning. Poling of a domain implies the inversion of the surface polarization charge. Since in our experiment only surface domains are generated, residual charge from the poling accumulates at the buried end of the domain, which lies in the implantation layer. In addition, our method of domain inversion by applying voltage pulses to an SPM tip leads to charge injection into the sample surface as in a corona discharge [39] . Both of these mechanisms lead to buried charges of the same polarity in the implantation layer. For instance, poling with a positive voltage results in a positively charged end of the domain inside the crystal and leads also to the injection of holes into the sample surface. Formation of a new domain in the vicinity of previously written domains is therefore hampered by electrostatic repulsion.
Our assumption that electrostatic repulsion causes the proximity effect is further supported by the observation that the size of isolated domains increases linearly with the pulse amplitude V , but is independent of its duration τ (section 3.1). The latter is in contrast to SPM poling experiments performed on thin-film, single-crystal samples [40] . Domain growth in He-irradiated crystals is obviously restricted by the buried charges in the implantation layer as described above. The attempt to increase the conductivity of the crystal, thereby allowing for a charge flow as it takes place in the thin-film experiments via the back electrode, was done by using Mgdoped LiNbO 3 crystals and UV illumination during poling (section 3.1). This attempt was not successful since the conductivity was still not sufficiently high; this result might have been anticipated based on the results obtained with the cross-sectioned samples (section 3.2).
From a practical point of view, the proximity effect has very useful implications. These are as follows: first, domains within a large-area pattern are of the same size (excluding the domains situated at the frame). This is advantageous for any application utilizing large-area nanodomain patterns, as is required for instance for photonic crystals. The size of the individual domains (for a given inter-domain distance) can be controlled by the voltage applied to the SPM tip. Second, the domain size can be reliably scaled down to <100 nm diameter by using voltage pulses with small amplitude together with ultra-sharp tips. There is, to date, no other method for domain formation which allows for such small domains to be written in single-crystal samples, as it is needed for most photonic applications. Third, neighboring domains do not merge. Indeed this allegedly trivial fact is of major importance, since in other domain formation techniques, lateral domain growth limits the minimum domain size and inter-domain spacing to a few micron range.
Domain shape
The shape of the domains, investigated by the multi-step procedure described in section 2.3, is shown in figure 4 . For the sample that is implanted at low energy (350 keV corresponding to t = 1 μm), the etched domain is quasi-cylindrical. For the etched domains in samples implanted at higher energy (1 MeV corresponding to t = 2.28 μm) the domains are conical (figures 4(d) and (e)). This can be understood in light of the proximity effect as a consequence of electrostatic repulsion (section 4.3), which not only affects the size of the domains at the sample surface, as seen by PFM measurements (figures 3(b) and (c)), but also the evolution of the domains into the crystal.
Finally a comment is needed on the challenges that need to be taken into account when transferring a large-area nanodomain pattern into a topographical structure. The issue of lateral etching, attacking the y-faces of the crystal from inside the holes, leads automatically to a cone shape, even though etching starts with a cylindrical domain shape, as discussed above. A further issue lies in the aspect ratio of the formed nanodomains. As seen in figure 4(d) the width of the domain at the sample surface is only 500 nm, however, it reaches a depth of ≈2 μm. Consequently, efficient HF etching of the holes down to the bottom is hampered by the slow acid exchange at the bottom of the hole. A solution for this difficulty might be by irradiating the crystals from their −z-face, thus forming +z-faced surface domains, which, as a result would emerge as pillars from the etching process.
Conclusions
We have investigated the effect of prior He implantation of a ferroelectric crystal on the properties of domains written by local poling with an SPM tip. The effect of implantation fluence and energy on the domain formation was studied by PFM imaging and selective etching. Low-fluence implantation was found to result in better conditions for domain writing as it generates less damage. Investigation of cross-section samples has shown that the domains grow from the surface down into the implantation layer. The facile nature of domain formation at high energies implies that electrostatic damage has a stabilizing effect. In addition, the proximity effect, i.e. domain size and depth limitation by other neighboring domains, can be explained by electrostatic repulsion of polinginduced buried charges. As a result, ion implantation followed by SPM-assisted poling was found to result in a uniform domain-array formation, making it a promising method for writing of large-area nanodomain patterns.
